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Abstract
Understanding the interaction between precipitation and vegetation growth in water-
limited ecosystems is vital for various livelihoods that depend on water resources.
Precipitation is the primary driver of vegetation growth in dry ecosystems, while fog
deposition is essential for the microclimate at dry coastal ecosystems and cloud forests.
The analysis of soil moisture, which incorporates the action of climate, soil, and vege-
tation, is the key to understanding the carbon and water relations and the interaction
between precipitation and vegetation.
This thesis examines the impacts of precipitation variability on carbon and water re-
lations in African savannas and the similarities in rainfall and fog deposition. The
ecosystem-scale transpiration was estimated from eddy covariance measurements based
on annually fitted water use efficiency and optimality hypothesis. The soil moisture
measurements were analyzed using a hierarchy of soil moisture models with precipita-
tion, NDVI, and potential evapotranspiration (PET) variability. The statistics of fog
and rainfall were analyzed using an analogy with self-organized criticality.
The annual evapotranspiration (ET) was comparable to the annual precipitation at
the grazed savanna grassland. While the annual precipitation was highly variable, the
estimated annual transpiration was nearly constant 55 % of ET. The transpiration (T)
was reduced only during the drought year due to grass dieback-regrowth and possibly
due to other changes in soil surface properties that enhanced evaporation. The annual
net CO2 exchange (NEE) had large variation ranging from –58 (sink) to 198 (source)
gC m−2 yr−1. The annual NEE was related to the maximum of remotely sensed veg-
etation index (NDVI), and the annual ecosystem respiration was strongly correlated
with early season rainfall amount. The analysis of measured soil moisture across savan-
nas showed that NDVI and PET adjustments to daily maximum ET are necessary for
modeling depth averaged soil moisture. The soil moisture memory timescale, a rough
measure of the time it takes for a soil column to forget the initial soil moisture state,
was linearly related to daily mean precipitation intensity at semi-arid savannas.
Both rainfall and fog time series showed approximate power-law relations for dry pe-
riod and event size distributions consistent with self-organized criticality prediction.
The spectral exponents of the on-off time series of the fog and rainfall exhibited an
approximate f−0.8 scaling, but the on-off switching was not entirely independent from
the amplitude intermittency in fog and rainfall.
The results show the role of short and long-term variability in precipitation and its
consequences for the carbon and water cycle of semi-arid savannas with significant
tree cover. These findings can be used to develop minimalist water balance models to
understand how vegetation state affects water resources.
Keywords: savanna, soil moisture, transpiration, carbon balance, rainfall intermittency,
fog deposition
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91 Introduction
Understanding the interaction between precipitation and vegetation growth in water-
limited ecosystems is important for various livelihoods that depend on water resources.
It is essential for example in rainfed agriculture (Vico and Porporato, 2011), manage-
ment of grazing and conservation areas (Sankaran et al., 2005) and tree planting (Enku
et al., 2020). Precipitation is the primary driver of vegetation growth in water-limited
ecosystems. In arid and semi-arid ecosystems, the evapotranspiration (ET) is large
due to high incoming radiation, and ET can be comparable to precipitation amount
at annual scales. The surface soil moisture is the key variable linking precipitation
and ET. The atmosphere may also be strongly coupled to the land surface at African
savannas where the soil moisture state exerts control over rainfall formation (Green
et al., 2017; Koster et al., 2004).
The African savanna ecosystems organize to patchy landscapes roughly consisting of
areas of bare soil, grasses, and trees. The savanna grasses use the C4 photosynthetic
pathway and are intensive users of surface soil water, whereas trees use the C3 path-
way and are conservative water users (Scholes and Archer, 1997; Bond, 2008). Much
research on the codominance of trees and grasses has focused on the rooting-depth sep-
aration of grasses and trees (Walker and Noy-Meir, 1982; Ward et al., 2013), but the
difference in leaf phenology of trees and grasses is also an important factor in tree-grass
coexistence. Many savanna tree species can make new leaves before the first rains, while
the grass layer phenology follows the rainfall (Whitecross et al., 2016; Archibald and
Scholes, 2007). Trees can use the first rains for photosynthesis, which is not possible
for the grass layer that regrows every year. This way, the trees and grasses take up
water from different soil volumes and during different times due to the leaf phenology
(Scholes and Walker, H., 1993).
The surface soil moisture is the outcome of the hydrological fluxes, including precipita-
tion, deep drainage, runoff, and ET. Deep drainage can be significant for wet savannas,
whereas, at dry savannas, the water loss from the soil is dominated by ET (Miller et al.,
2012). Part of precipitation can evaporate as interception before it reaches the soil,
and it contributes directly to the evaporation flux. The transpiration (T) component of
ET is linked to the carbon uptake of the vegetation. Transpiration is nearly constant
when soil is wet (no water stress) and linearly decreasing with soil moisture during
water-stress periods (Laio et al., 2001). The time series of water-stress and non-stress
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periods enable to study the distribution of dry periods. These water stress periods are
nonlinearly related to the precipitation frequency (Porporato et al., 2001).
The carbon balance of savanna ecosystems is governed by various factors such as veg-
etation structure, physiology, phenology, and the pulsed nature of rainfall (Hill and
Hanan, 2011). The annual sum of net ecosystem exchange (NEE) has been observed
to range between –429 (sink) and +155 (source) gC m−2 yr−1 across sites in semi-
arid African savannas (Ago et al., 2014; Archibald et al., 2009; Bru¨mmer et al., 2008;
Quansah et al., 2015; Tagesson et al., 2015; Veenendaal et al., 2004). At South African
savanna, Archibald et al. (2009) found that main drivers of interannual variation in
NEE were the amount of absorbed photosynthetically active radiation, the length of
the growing season and the number of days in the year when moisture was available
in the soil. Across the Sahel, the variability of NEE was strongly linked to changes
in gross primary production (GPP), which was regulated by vegetation phenology and
soil moisture dynamics (Tagesson et al., 2016).
At savanna ecosystems, soil dries fast between rainfall events, resulting in a pulse-driven
system that affects the carbon fluxes (Huxman et al., 2004). The ecosystem respiration
consists of the autotrophic respiration from leaves and roots and the heterotrophic
respiration mostly from decomposition of soil organic matter by soil micro-organisms.
Both of these processes are temperature and soil moisture dependent. The ecosystem
respiration and photosynthesis have a different response time to the pulses of rainfall.
For example, at the Skukuza site in South Africa, the respiration reached a maximum
1–3 days after rainfall events, while maximum photosynthesis occurred up to 9 days
after soil wetting (Hill and Hanan, 2011).
The pulsed nature of rainfall can be studied by the rain/no-rain time series that cap-
tures the switching states similarly to the switching of water stress/no stress periods
of soil moisture. This rainfall intermittency is one of the key uncertainties in rainfall
forecasting (Rigby and Porporato, 2010). The change in precipitation frequency is also
the main difference in precipitation statistics, for example, in the Kalahari transect of
savannas where annual precipitation ranges from 300 to 950 mm yr−1. One precipi-
tation event occurs on average every 11 days to every three days across the transect,
whereas the mean daily amount of rainfall is near-constant 10 mm day−1 (Porporato
et al., 2003).
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The rainfall statistics have been studied from the point of view of complexity and self-
organization theory (Peters et al., 2001; Peters and Neelin, 2006; Yano et al., 2012).
Rainfall can be viewed as a second-order phase transition where the no rain periods (off
phases) are ordered, but the rain-on phases are disordered. At a large spatial scale, the
precipitation event resembles a disordered state because the two phases can spatially
coexist, and thus the boundary delineating the two phases need not be discontinuous
at a precipitation event scale. Certain mean meteorological variables can act as con-
trol parameters favoring the switching between the ordered and disordered states. A
prototypical model for such phase transition is self-organized criticality (SOC), which
has been studied in the context of rainfall (Peters and Christensen, 2006; Peters et al.,
2010). The rainfall event size, event duration, and dry period distributions often ex-
hibit a power-law scaling that is a necessary but not sufficient condition for SOC to
hold (Peters et al., 2010).
In this thesis, a comparison of rainfall and fog intermittency was made to better un-
derstand the relation between these processes. Fog occurrence is important for several
microclimates such as western continental margins, montane cloud forests, and several
deserts (Bruijnzeel et al., 2005; Garreaud et al., 2008; Kaseke et al., 2017). In the
East African landscape, there are mountains that receive high rainfall, and fog occurs
often. Frequent fog occurrence leads to a cool and humid environment with reduced
transpiration rates and wet soils, thereby supporting water demands for photosynthe-
sis. The cloud forests are hotspots of biodiversity, and the role of fog is fundamental
for these forests. The advective fog originates from the ocean, while the radiation fog
is a local phenomenon. Advective fog is common at the western continental margins
(Garreaud et al., 2008), but in desert locations, the local radiation fog can be as fre-
quent as advective fog (Kaseke et al., 2017). The analysis of fog intermittency and its
connection to rainfall is an important step in understanding the possible similarities
in their statistical structure. These connections and the fog statistics may help to for-
mulate stochastic simulation of fog events and test whether detailed physical models
reproduce the observed fog statistics. Moreover, these results may offer clues about
the dynamics governing fog formation at a particular range of temporal scales.
This thesis aims to uncover the precipitation impacts on carbon and water relations
in savannas. The multiyear measurements reveal the short and long term variability
of vegetation and hydrologic state and their relation to precipitation variability. These
observations are essential in the further development of ecohydrological theory.
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The specific research questions and aims are:
 To quantify carbon and water balance for a grazed savanna grassland. How ET
and its components (T and E) vary with annual precipitation and vegetation
changes? (Paper I, Paper III)
 What explains the high variability of annual carbon balance for grassland sa-
vanna? (Paper II)
 To quantify precipitation and soil moisture variability across savannas. What
explains the mean root-zone soil moisture variability? How are long dry periods
distributed? (Paper III)
 To explore the similarity of rainfall and fog statistics. Are the on-off switching
properties of rainfall and fog similar? (Paper IV)
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2 Materials and methods
2.1 Eddy covariance measurements
The exchange of heat and mass between the atmosphere and land surface is due to
turbulent transport in the atmospheric boundary layer (ABL). The turbulent transport
is mostly produced by frictional drag producing wind shear and by surface heating
producing buoyant turbulence (Stull, 1988). Typically, the ABL height is 1–2 km
on land. The atmospheric surface layer, covering 10% of the ABL height near the
surface, is the most relevant for the surface exchange measurements. It is also called
the constant flux layer because fluxes are assumed to be approximately constant with
height within this layer (Foken, 2017). The lowest parts of the constant flux layer are
the canopy layer corresponding to canopy height and the roughness sublayer that is
roughly twice the canopy height. The eddy covariance measurements are done above
roughness sublayer by high frequency measurements of wind velocity and concentration
of transported quantity such as water vapor and CO2.
The eddy covariance measurement is a direct measurement of the half-hour average
ecosystem-scale flux. By assuming horizontal homogeneity and stationary turbulence
statistics, the equation for mass conservation in the eddy covariance technique can be
expressed as
Fs = ρdw′χ′s
∣∣∣
h
+
∫ zm
0
ρd
∂χs
∂t
dz , (1)
where Fs is flux of scalar s, ρd is the dry air density, w
′ is the vertical wind fluctuations
around the mean and χs is the mixing ratio of scalar s (Aubinet et al., 2012). The
second term on the right-hand side is the storage change term, which represents the
changes in χs below the measurement height. It may be negligible for latent heat flux
but is usually accounted for carbon dioxide flux. The consequence of the assumptions
made is that the quality of the eddy covariance method at given times is affected by
the measurement location, the characteristics of the instruments and turbulent flow.
The source area for eddy covariance measurement can be estimated using a flux foot-
print model that parametrizes the boundary layer mixing (Vesala et al., 2008; Leclerc
and Foken, 2014). It is important to estimate the footprint area and verify that it
corresponds to a flat and homogeneous area for all flow conditions. For the savanna
grassland analysis, the mean 80 % cumulative flux footprint area was predominantly
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located within homogeneous thornveld (Paper I). In the grazed savanna grassland,
the carbon dioxide storage was calculated by assuming a uniform distribution of CO2
(Paper I).
In stable conditions, the measured CO2 flux can be underestimated, and it is diagnosed
by flux dependence on the friction velocity (u*) (Aubinet et al., 2012). This is typically
solved by rejecting night-time CO2 flux measurements that fall below critical u* value
(Goulden et al., 1996). The u* threshold was estimated to be 0.28 m s−1 for the
whole data set using a bootstrap technique from 200 artificial replicates of the data
set (Wutzler et al., 2018). The heat flux and NEE values were discarded when u* was
below this threshold. The details of eddy covariance processing steps are presented in
Paper I and Paper II.
The uncertainty for annual carbon balance and annual ET was estimated by considering
the most significant but not necessarily all possible random and systematic errors. The
uncertainty of carbon balance included estimating random error, gapfill error, and
error due to spectral correction (Paper II). The annual ET error included random
error and error due to u* filtering. For both carbon and ET uncertainty, the u* error
was estimated as detailed in Paper I.
2.1.1 Partitioning of carbon flux
The eddy covariance method directly measures the net ecosystem exchange (NEE) of
carbon dioxide. The NEE is equal to the sum of two large but opposing fluxes:
NEE = Reco −GPP , (2)
where Reco is the ecosystem respiration and GPP is the gross primary productivity.
Here the flux from the atmosphere to plants is negative. The partitioning of CO2 flux
was done in a moving window by estimating ecosystem respiration by night-time mean
and GPP as the difference between NEE and ecosystem respiration. The missing values
in the GPP time series were filled with the GPP values calculated from light response
curves (Paper II). The moving data window was defined for each day with an initial
length of 6 days and expanded up to 20 days if necessary to include at least 50 points
(Paper II).
The annual NEE was not sensitive to the gapfilling routines tested here. The mean
of annual respiration based on night-time mean respiration was 82 gC m−2 yr−1 larger
14
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than the annual respiration gapfilled with exponential temperature dependence used in
Paper II. However, the mean annual NEE based on night-time mean respiration was
only 26 gC m−2 yr−1 larger than the mean annual NEE based on the exponential tem-
perature dependence. This difference in the mean annual NEE is similar to the annual
NEE uncertainties (Table 2). Other gapfilling routines have been used at savannas,
including Poisson temperature function and artificial neural network approach (Isaac
et al., 2017; Archibald et al., 2009). Here the moving window approach was used due
to relatively short gaps in the data.
2.1.2 Partitioning of evapotranspiration
Three methods were tested for partitioning of ET to its components transpiration (T)
and evaporation (E) in Paper I. These methods are premised on the fact that GPP is
linked through stomatal exchange of CO2 for water vapor to transpiration component
of ET. The flux-based water use efficiency is defined as
WUE = (GPP/T) =
ca
1.6VPD
(
1− ci
ca
)
, (3)
where ci and ca are the intercellular and ambient atmospheric CO2 concentration and
VPD is the vapor pressure deficit (Katul et al., 2009). Here the leaf level difference
between partial pressures has been replaced with VPD. When the equations of leaf level
exchange of CO2 and water vapor are solved by assuming that plants minimize water
loss and maximize carbon gain, the dependence of ci/ca ratio on VPD is expressed as
1− ci
ca
≈
(
1.6λL
ca
)1/2√
VPD , (4)
where λL is the marginal water use efficiency (or the Lagrange multiplier in optimal
stomatal theories) (Katul et al., 2009). The equation 3 and 4 can be combined to
expression:
GPP×√VPD
T
=
√
caλL
1.6
, (5)
where the right-hand side of the equation is assumed essentially constant for a given veg-
etation type assuming ca does not vary appreciably. The linear scaling of GPP×
√
VPD
and ET has been noted at multiple sites and it is used to infer the relationship between
GPP and T (Zhou et al., 2014; Berkelhammer et al., 2016).
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2.2 Root-zone water balance
The estimated transpiration from the Berkelhammer method is presented in this thesis.
It was deemed most plausible and used in the final water balance analysis in Paper I.
This method was applied to each year individually due to large changes in vegetation
phenology between the years. In the Berkelhammer method, the T=ET line is em-
pirically established by fitting a line to the minimum ET values (fifth percentile) and
GPP× VPD0.5 bins (Berkelhammer et al., 2016). For each equal-sized GPP× VPD0.5
bin, the fifth percentile of ET defines the point where T=ET. A linear regression of
these fifth percentile points defines the T=ET line, and any point below this line has
T/ET equal to 1.0 by definition. For other half-hour points, the T/ET is defined as
T
ET
=
minGPP ||ET||
ETflux
, (6)
where minGPP ||ET|| is the minimum ET value calculated from the fit of T=ET line
and ETflux is the observed ET value. The calculation of half-hour T/ET values is
illustrated in Figure 1. The monthly T/ET values were calculated by taking the mean
of all half-hour T/ET values within the month.
2.2 Root-zone water balance
The mean root-zone water balance can be expressed as:
ηZr
ds(t)
dt
= γP(t)− ET(t)−Dr(t) = γP(t)− L(t) , (7)
where s is the depth average root-zone soil moisture, η is the soil porosity, Zr is
the mean root-zone depth, γ is a constant that depends on interception loss, P is
precipitation, ET is evapotranspiration, Dr is subsurface drainage, and L includes all
the loss terms. This equation describes the change in the mean amount of water
in the root-zone assuming that root-water uptake equals transpiration and assuming
no horizontal water movement. The soil moisture sensors measure volumetric water
content (m3 m−3). The depth average root-zone soil moisture (s) is calculated by taking
the average of volumetric water content values in depth and dividing it with porosity.
The γ was estimated as a constant that represents interception, re-evaporation and any
spatial mismatch between rainfall and soil moisture (Paper III). The γ value for each
site was determined as the slope of linear regression between cumulative soil moisture
increases and cumulative precipitation. The soil moisture increases were determined
from the start of the precipitation event to 24 hours after the end of the precipitation
16
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Figure 1: A fit of an annual T=ET line and an example calculation of half-hour T/ET
values for points indicated by triangles. The gray circles indicate all half-hour
values, and black dots indicate fifth percentile points of each GPP× VPD0.5
bin. The empirical T=ET line is a linear fit to the fifth percentile points.
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event. This approach does not consider non-linear changes in the interception loss due
to storm characteristics.
A hierarchy of models was used in order to understand the contribution of precipita-
tion, Normalized Difference Vegetation Index (NDVI) and potential evapotranspiration
(PET) on the temporal soil moisture variability (Paper III). In model 1, the max-
imum daily ET is held constant, and thus only rainfall variability induces temporal
variability in soil moisture values. This model has been widely used in the analysis
of soil moisture variability in semi-arid ecosystems using daily time steps (Porporato
et al., 2001). In model 2, the maximum daily ET is adjusted by NDVI, which repre-
sents seasonal leaf area changes. Model 3 has an additional effect of PET at seasonal
and diurnal scales to the maximum daily ET. This mean root-zone model approach has
also been compared to a vertically explicit solution to Richards’ equation, and the two
models are similar if plants are able to compensate for the root water uptake between
wet and dry regions (Guswa et al., 2002).
The model 1 has constant Emax loss adjusted by soil moisture given by (Laio et al.,
2001):
L = ET + Dr =

0, s ≤ sw,
Emax
s−sw
s∗−sw , sw < s ≤ s∗,
Emax, s∗ ≤ s ≤ sfc,
Emax +Ksat
(
s−sfc
1.0−sfc
)c
, sfc ≤ s ≤ 1,
(8)
where sw is the wilting point, s
∗ is the water-stress point, sfc is the field capacity and
the subsurface drainage below the rooting zone is represented by a saturated hydraulic
conductivity Ksat and an exponent c that varies with soil type (or pore structure),
and Emax is maximum evapotranspiration. The constant Emax and s
∗ were estimated
from the incipient point where eddy covariance measured maximum daily ET begins
to decline with decreasing s. In summary, the losses from the root-zone are nonlinear
during the drainage when soil moisture is higher than the field capacity, constant
between field capacity and water-stress point and linearly decreasing with soil moisture
below the water-stress point.
In model 2 the maximum daily evapotranspiration varies with NDVI (Yin et al., 2014)
as
Emax = a2 [1− exp (−bNDVI)] , (9)
18
2.3 Soil moisture memory
where a2 is a fitting parameter and the b parameter is an extinction coefficient for
global radiation set to 0.4 for models 2 and 3 (Al-Kaisi et al., 1989; Teuling et al.,
2006). The NDVI time series was generated at each site based on MODIS collection
6 NDVI 250 m product (MOD13Q1) (Didan, 2015). The original 16-day interval time
series was smoothed using Savitzky-Golay filter and linearly interpolated to one-hour
time step for model 2 and model 3 (Isaac et al., 2017).
Finally, the model 3 further expands on model 2 by allowing a radiation-based potential
evapotranspiration and NDVI to jointly impact maximum evapotranspiration rate at
sub-hourly time scale:
Emax = a3 [1− exp (−bNDVI)] PET , (10)
where a3 is a fitting parameter and PET is determined (at sub-hourly time scales)
using the Priestley-Taylor formulation (Priestley and Taylor, 1972):
PET = αPT
∆
∆ + γp
(Rn−G) , (11)
where αPT = 1.26 is the Priestley-Taylor coefficient, ∆ is the slope of the Clausius-
Clayperon equation with respect to temperature evaluated at the measured air tem-
perature, γp is the psychrometric constant, Rn is net radiation and G is soil heat flux.
The details of the model parameter fitting are given in Paper III.
2.3 Soil moisture memory
The storage term (ds(t)/dt) in Eq. 7 is linked to the storage of soil water in the
pores and it introduces memory into the soil moisture. This memory is represented
by the slow decay of autocorrelation function of the soil moisture time series and it is
calculated as the integral timescale of the autocorrelation function (Priestley, 1981):
ρs(t, δ) =
s′(t)s′(t+ δ)
σ2s
, (12)
where ρs is the autocorrelation, s refers to soil moisture series, primes denote fluctua-
tions around the mean, δ is the time lag and σ2s is the variance of soil moisture. The
memory time scale is the area under the autocorrelation function
τ =
∫ +∞
0
ρs(δ)dδ. (13)
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when stationarity is assumed for the autocorrelation function. The relation between
soil moisture, autocorrelation, and memory timescale is illustrated in Fig. 2. If the
precipitation in the lumped water balance (Eq. 7) is a white noise process and the ET
losses are linearly related to soil moisture state, then the soil moisture memory can be
analytically predicted to be (ηZr)/Emax (Nakai et al., 2014). This means that the size
of the soil water storage (ηZr) and Emax control the memory timescale.
2.4 Time series analysis
Precipitation, fog deposition, and root-zone soil moisture time series were analyzed over
different timescales using methods that have been used to study rainfall intermittency
(Molini et al., 2009) and root-zone soil moisture dynamics of forests (Ghannam et al.,
2016).
The on-off switching of rainfall and fog was studied using the telegraphic approximation
(TA) which contains no information about magnitude variation. For time series s(t)
representing fog deposition, rainfall, or soil moisture the TA time series is calculated
by the following equation:
TA(s(t)) =
1
2
[
s(t)− s∗
|s(t)− s∗| + 1
]
, (14)
where s∗ is a threshold to be exceeded. For fog and rainfall s∗ is set to zero and for the
root-zone soil moisture the s∗ is equal to the water-stress point (s∗ in Eq. 8). Because
TA(s(t)) is a binary series composed of either 1 or 0 in time, it only preserves the on-off
or off-on switching in s(t) but contains no information about magnitude variation.
The power spectrum of rainfall, fog deposition, and soil moisture was calculated for
normalized time series as follows:
sn(t) =
s(t)− s(t)
σs
, (15)
where s(t) is the mean and σs is the standard deviation of series s(t). All the spectra
were estimated using the Welch-averaged modified periodogram method (Welch, 1967).
For fog and rainfall analysis the window length was set to a quarter of the time series
length. For the soil moisture analysis, the window length varied from 130 to 268 days
for the different measurement sites depending on the measurement record duration.
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Figure 2: a) Example time series of depth averaged root-zone soil moisture and 60 days
lagged time series of soil moisture. b) Corresponding autocorrelation function
of the soil moisture time series. The memory timescale is the area under the
autocorrelation function. The black dot indicates autocorrelation at 60-day
lag.
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When the spectra of s(t) and its TA(s) time series exhibit power-laws of the form
Ens(f) ∼ f−n and ETA(f) ∼ f−m, there exists an empirical relation between the
spectral exponents given by
m =
n+ 1
2
, (16)
where n is the spectral exponent of s(t) and m is the spectral exponent of TA(s).
The relation is useful because the TA dynamics and the exponent m are analytically
tractable for wide range of stochastic processes.
The dry period probability density function (PDF) is defined by the distribution of
periods when TA(s(t)) = 0. The Self-Organized Criticality (SOC) predicts a PDF of
the duration of dry periods and event sizes that exhibit power-laws of the form
PDF(Td) ∝ T−τdd , PDF(M) ∝M−τs , (17)
where Td is the dry period length, τd is the exponent of the dry period PDF, M is the
event size and τs is the exponent of event size PDF. The event size is defined as the
amount of water in continuous nonzero measurement of rainfall or fog deposition. For
SOC systems near critical state, there exists a unique relation between the spectral
exponent of the TA time series and the exponent of the dry period PDF given by
m = 3− τd , (18)
which has been derived and confirmed for the avalanches of the classical sandpile model
near critical slopes (Jensen, 1998).
The PDF of water-stress periods referred to also as dry persistence is the PDF of
times when the value of soil moisture is below the water-stress point (TA(s(t)) = 0).
These periods are forced by the interaction between precipitation distribution and the
total loss term in the water balance equation. To compare dry persistence between
the various measurement sites, the distribution of dry periods was normalized by the
memory timescale and a stretched exponential function (Laherre`re and Sornette, 1998)
was fitted to the data. This function is given by
PDF(x) = Axx
β−1 exp
(−xβ) , (19)
where x = (Idry/τ) are the dry period length normalized by the memory time scale,
Ax = β exp
(
xβmin
)
is a normalizing constant needed to ensure that
∫∞
0
PDF(x) dx = 1
and xmin is the shortest dry period. The fitting parameter β is assumed to be less
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than unity. Smaller values of β indicate that long water-stress periods decay closer to
power-law, whereas larger β indicates exponential decay at longer times. Commonly
used least-squares fitting can produce inaccurate estimates of power law exponents
(Clauset et al., 2009). Here, the Eq. 17 and 19 were fitted using a maximum-likelihood
method, which identifies the portion of the distribution that follows the corresponding
PDF function (Alstott et al., 2014).
The daily mean rainfall characteristics were calculated for complete rainfall time series
for the soil moisture analysis across savannas and during early wet season for the carbon
balance analysis at grazed savanna grassland. The daily mean precipitation depth (Pα
mm event−1) and daily mean storm frequency (Pλ events d−1) are the parameters of the
Poisson rainfall process (Rodriguez-Iturbe et al., 1999). The mean precipitation depth
was calculated only for rainy days. This mean precipitation depth does not exactly
correspond to the mean of event sizes M because these events may extend over two
days. The mean storm frequency was calculated from the inverse of the mean time
between rainy days.
2.5 Site descriptions
2.5.1 Grazed savanna grassland
The detailed analysis of carbon and water fluxes are presented from Welgegund grazed
savanna grassland in South Africa from September 2010 to August 2016. The site is a
private ranch located at 1400 m at the highveld area in South Africa. The annual mean
rainfall at the site is 540 mm yr−1 with standard deviation of 112 mm yr−1 (Paper II).
The plant species are typical savanna species with dominant tree species of Vachellia
erioloba, Searsia pyroides and Celtis africana, and dominant grasses are Eragrostis
trichophora, Panicum maximum, and Setaria sphacelata. The cattle grazing consists
of about 1000 ± 300 heads of cattle for a 7000 ha area. This results in heavy grazing
nearby around the footprint of the eddy covariance measurements. The tree cover is
similar at the footprint from the main wind directions (Paper II supplement).
The woody and herbaceous LAI was sampled four times during one year. The total LAI
ranged from 0.37 (July) to 2.32 m2m−2 (April) (Paper II). The changes in vegetation
state during the whole measurement period were quantified using the monthly average
of MODIS 16-day Enhanced Vegetation Index (EVI) with 250 m spatial resolution
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(MOD13Q1, collection 6) (Didan, 2015). To compare estimated T/ET to variations
in vegetation phenology, the monthly average of MODIS 8-day LAI (MOD15A2H,
collection 6) with 500 m spatial resolution was used to relate monthly T/ET to LAI.
The EVI signal is a ratio of spectral bands, while the LAI has correct units of foliage
area per ground area. The tree green-up dates were estimated from EVI signal by
detecting the time when the EVI time series experiences a sudden increase ((Archibald
and Scholes, 2007), Paper I). This increase was defined as the day when EVI signal
was greater than a moving average of the previous four time steps.
2.5.2 African savannas
The analysis of measured root-zone soil moisture is presented for four African savan-
nas with grass, grazed, tree, and miombo savanna vegetation (Fig. 3, Paper III).
The grazed savanna is the same site from which the detailed carbon and water fluxes
are presented. The measurements at the grass savanna site are located inside fenced
meteorological station close to a maize farm in Kenya. This site has no influence of
tree roots. The tree savanna measurements are located near Skukuza within Kruger
National Park. The soil moisture measurements were taken from the Combretum
apiculatum-dominated savanna. The tree canopy cover around the area is about 30
% (Archibald et al., 2009). The miombo savanna site is located within the Kataba
Forest Reserve in Zambia (Kutsch et al., 2011). It is a woodland savanna characterized
by a canopy cover of nearly 70 %. The soil moisture profile used in this study was
located at the inter canopy space. Details of the measurement sites and instruments
are presented in Paper III.
2.6 Fog measurements
The fog and rainfall measurements were made at an inland site in Kenya and at a
coastal location in California. At the inland site, the meteorological and fog measure-
ments were made from October 2013 to February 2016 at an opening within Vuria
forest (3◦24′50′′S, 38◦17′29′′E) of the Taita hills. The site is surrounded by an upper
montane cloud forest. At Taita hills, there are two rainy seasons with short rains from
October to December and long rains from late March to June. The higher elevations
receive more rain than lower elevations because of the orographic rainfall pattern, while
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Figure 3: Location of the measurement sites: a grass savanna (Maktau, Kenya), a
miombo savanna (Mongu, Zambia), a tree savanna (Skukuza, South Africa)
and a grazed savanna (Welgegund, South Africa). The right panel shows the
seasonal pattern of mean monthly rainfall and monthly air temperature at
the sites.
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the northwestern slope in the rain-shadow receives less precipitation than the south-
eastern slopes (Pellikka et al., 2013). Seasonality and amount of rainfall vary over short
distances depending on the altitude and the aspect of the slope, although the interan-
nual variation of rainfall has strong spatial coherence (Nicholson, 2017). Due to the
high-altitude location, the site has frequently advection fog, but radiation fog events
are also possible. The fog and rainfall were sampled every minute and recorded every
hour. The fog collector was a typical planar fog net with a double layer of Raschel-type
netting (Schemenauer and Cereceda, 1994). The fog net surface area was 1 m2 and
the gutter area was 1.15 m by 0.12 m (= 0.138 m2). The deposited fog water was
measured using a tipping bucket rain gauge protected from rainfall. The fog net was
facing northwest (320◦) and southeast (140◦) and had a metal plate roofing covering it
from rainfall.
The coastal Northern Californian measurements were located above chaparral range-
land, on the San Francisco Peninsula, at 329 m above the sea level. The fog collector
was a Juvik-type radial collector. Chung et al. (2017) describes the spatial analysis
of fog at this watershed. The fog deposition and rainfall were measured from June
2014 to September 2016. The fog deposition was not measured during winter months
at this site, but it is expected that non-rainfall-related fog events are minimal relative
to rainfall during the winter months. The rainfall was continuously measured except
during one 40-day-long gap in November 2015.
The fog deposition during rainfall was excluded from the analysis, and fog events that
had rainfall events of 1.0 mm or larger two hours before the fog event were excluded
from the fog record. Both rainfall and fog events were defined as a continuous nonzero
measurement of rainfall and fog. Isolated 0.2-mm/h events were also removed from
both time series as this is the detection limit of the tipping bucket.
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3 Results and discussion
3.1 Precipitation and transpiration at grazed savanna
grassland
The annual precipitation varied from 421 to 614 mm yr−1 at the grazed savanna grass-
land in South Africa (Table 1). The hydrological years 2010, 2012, 2013 and 2014 were
years with close to or above the long-term mean annual precipitation of 540 mm yr−1.
The measured annual ET was similar to or greater than the measured annual pre-
cipitation. In 2011 the measured annual precipitation was 187 mm lower than the
measured annual ET. The year 2015 was a drought year with infrequent rainfall last-
ing 11 months. The P–ET was not related to the surface soil moisture storage changes
but inversely related to the maximum EVI (Fig. 4).
Gapfilling of the nighttime evapotranspiration (ETN) and wind-induced underestima-
tion of rainfall measurements, are likely reasons for the mismatch in the annual water
balance. Due to frequent afternoon and nighttime precipitation, the nighttime evap-
otranspiration was 12 % of the annual ET (Table 1). The annual P–ET would be
positive for four years (2012–2015) if ETN was assumed to be zero. The gapfilled ETN
might be an overestimate because only 30 % of the values were measured and these
values were determined during high wind conditions (u* > 0.28 m s−1). A comprehen-
sive study estimated the underestimation for the rain gauge (Casella) at 0.5 m height
to be 9.4 % at the measurement site with similar mean wind speed (5 m s−1 ) and
annual rainfall (P=700–1000 mm yr−1) (Pollock et al., 2018). At higher wind site, the
underestimation was 11 % at 0.5 m height and 17 % at 1.5 m height. The 9.4 %
underestimation can be considered a minimum, and annual P adjustment (i.e. 1.094
measured P) would lead to annual mean P ≈ ET for five years, excluding the year
2011. The possibly higher underestimation of rainfall in 2011 could be due to larger
spilling error due to higher rainfall intensity evidenced by the shortest total duration
of rainfall in 2011. In addition, the single soil moisture profile measurement that is far
from the trees does not represent well the soil water storage change of the footprint
area that includes both the lateral and deep roots of the trees. The surface runoff is
small because the site is located at a flat thornveld. The possibility of overestimating
annual ET due to advection from surrounding ranch or maize field was also tested by
excluding ET from the northwest or south directions. However, the annual P–ET was
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increased less than 11 mm each year after excluding either of the two wind directions.
Therefore, the most likely reasons for the annual residual is the underestimation of
annual rainfall and the overestimation of nighttime evapotranspiration.
The high ET/P ratios at this site agree with the study in Nylsvley, South Africa,
where it was estimated that the long-term average deep drainage is 1 % of annual
precipitation, and it occurs rarely during the abnormally wet years (Scholes and Walker,
H., 1993). Savannas without significant tree cover have had lower ET/P ratios. For
example a millet field in Niger, the ET/P ranged from 82 to 85 % (P=500 mm yr−1)
(Velluet et al., 2014) and the ET/P was 80 % at semi-arid shrubland in Kenya (P=674
mm yr−1) (Odongo et al., 2016).
During the wet years (2010 and 2012–2014), the estimated annual transpiration was
highly constrained to 352 ± 8 mm yr−1 (T/ET=0.55), and the cumulative transpiration
was similar. In contrast, the year 2011 and the drought year 2015 had lower transpi-
ration from early wet season onwards (Fig. 4). The difference between the lowest and
the highest annual T/ET during the wet years was less than 0.09 (Table 1), which is
an upper limit for a given ecosystem from a joint modeling and observation analysis
(Paschalis et al., 2018). However, during the drought year, the annual T/ET was re-
duced substantially to 0.39 due to grass dieback-regrowth and possibly due to other
changes in soil surface properties that enhanced evaporation (Paper I).
The comparison of year 2013 and 2012 showed that in year 2013 the higher precipitation
frequency resulted in larger monthly T/ET during the rainy season (Fig. 5, Paper I).
These two years can be compared due to similar carbon balance and NDVI trend that
represents LAI changes (Fig. 7, Paper I). The tree green-up was earliest in year 2011
that resulted in high T/ET at the start of the rainy season (Fig. 5).
In summary, the annual precipitation was highly variable in amount and in timing.
However, the annual transpiration and T/ET were nearly constant and reduced only
during the severe drought year. The monthly course of T/ET is complicated due to
the early green-up of trees and due to grass growth that is coupled to the precipitation
variability. Further analysis of the T/ET could be done using dual source model of
ET that separates soil and vegetation components (Shuttleworth and Wallace, 1985;
Li et al., 2019).
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Figure 4: a) Cumulative monthly transpiration for each hydrological year (September
to August). b) Relationship between annual maximum EVI and P–ET. The
year 2011 (star) is not considered in the fit due to uncertain precipitation.
Adopted from Paper I.
3.2 Annual carbon balance of grazed savanna grassland
The Welgegund savanna grassland was a carbon source during five out of six measured
years. The annual NEE ranged from –58 to 198 gC m−2 yr−1 with six-year mean of 98
gC m−2 yr−1 (Table 2). The high respiration is likely due to the cattle respiration and
the flux from the dung decomposition that increase the total ecosystem respiration.
Their magnitude could not be estimated because the grazing area is much larger than
the eddy covariance footprint area. The annual NEE calculation is also affected by
the calculation of storage flux. In the Paper II the two-point estimated storage flux
resulted in 51 gC m−2 yr−1 less than the NEE based on a single CO2 concentration
measurement level. The annual NEE range at Welgegund site is similar to the annual
NEE measured at Skukuza, South Africa (30 % tree cover) where two of the five years
had negative NEE (Archibald et al., 2009). Potential drivers of interannual variation
for carbon fluxes are presented in Figure 6. The annual NEE was related to annual
maximum NDVI, and it was lower for higher annual PET. The NDVI value is a mixture
of tree and grass components, but the variance of annual maximum is most likely
related to the maximum grass leaf area. The annual cumulative GPP was also related
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Figure 5: Rainy season relation between monthly MODIS LAI and T/ET for wet (2012
and 2013) and dry (2011 and 2015) years. The year 2013 had higher early
wet season precipitation than year 2012. In 2015 the November, May, and
June values were excluded as outliers from the fit. Adopted from Paper I.
to maximum NDVI. The annual respiration was strongly correlated with the amount of
rainfall in the early wet season. The rainy season length or early season precipitation
frequency were not related to any of the annual carbon fluxes, and the annual NEE was
related to the wet soil days only during the first three years (Paper II). The drought
year had above mean number of wet soil days distributed along 11 months, and thus
the number of wet soil days does not necessarily relate to plant available water.
The cumulative NEE has a different trend during each year (Fig 7). The early wet sea-
son NEE was positive and increasing except in 2011 when it was near zero. This might
be explained by the earliest tree green-up compared with other years that resulted in
high early season tree transpiration and high T/ET during this period. The P–ET was
also the lowest in 2011 and might be partly explained by higher deep-water uptake
of the Vachellia erioloba trees. These specific trees were shown to take 37 % of their
water from below 1 m depth in the end of dry season (Beyer et al., 2018). The year
2010, with the highest peak NDVI and high frequency of early season rainfall, resulted
in high carbon uptake. However, in 2013 the frequent early season rainfall did not
lead to high carbon uptake during the mid-rainy season (Table 2). In the drought year
2015, the cumulative NEE was decreasing only during the dry season (June-August).
31
3.2 Annual carbon balance of grazed savanna grassland
There was an unusual 60 mm rain event in July (Fig. 1, Paper I), during which
there was no active grass layer and thus the trees uptake carbon. This increase in tree
photosynthesis is also confirmed by the cumulative increase in dry season transpiration
in 2015 compared to other years (Fig. 4).
The year 2011 shows that at this site the reduction of rainfall frequency does not neces-
sarily lead to a reduction in carbon assimilation due to early greening of trees that is de-
coupled from the rainfall. Manipulation experiment with C4 grassland has shown that
decreasing precipitation frequency reduces carbon assimilation (Knapp et al., 2002).
However, irrigation experiment with savanna trees at the end of dry seasons shows
that surface soil moisture state may not trigger the early greening (Whitecross et al.,
2016). Increasing temperature might potentially drive the early greening (Campo-
Besco´s et al., 2013; Whitecross et al., 2017), but the NDVI derived green-up dates
(Paper I) were not related to mean or maximum air temperature in August. The
daily mean rainfall statistics were also calculated during the complete rainy season
periods defined in Paper I, but these did not explain the variance in annual carbon
fluxes. A more detailed analysis of the effect of rainfall frequency on carbon balance is
not possible due to high variability in the annual rainfall amounts.
The results show that the interannual variance of NEE is high and it was related to
annual maximum NDVI and PET. Interestingly, there is strong correlation between
early season rainfall and annual respiration. The contribution of deep-rooted trees for
carbon balance is confirmed by the high carbon uptake during anomalous dry season
precipitation and after the earliest green-up of trees. The wet soil days or precipitation
frequency did not explain the annual fluxes. Therefore, the aggregated measures of
actual grass and tree water uptake are needed to better understand the variance in
NEE.
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Figure 6: Annual NEE, GPP, and respiration compared with potential drivers of inter-
annual variability: annual maximum NDVI, annual PET, and early season
rainfall.
34
3.2 Annual carbon balance of grazed savanna grassland
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
−100
0
100
200
Cu
m
ul
at
iv
e 
da
ily
 N
EE
 
 (g
C
m
(2
)
2010 2011 2012 2013 2014 2015
Sep Oct N v Dec Jan Feb Mar Apr May Jun Jul Aug
0
50
100
150
200
M
 n
th
ly
 (
GP
P 
 (g
C
m
(2
)
Sep Oct N v Dec Jan Feb Mar Apr May Jun Jul Aug
0
50
100
150
200
M
 n
th
ly
 re
sp
ira
ti 
n 
 (g
C
m
(2
)
Figure 7: Cumulative daily NEE, monthly GPP, and respiration for each hydrological
year (September to August).
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3.3 Soil moisture variability across African savannas
The mean root-zone soil moisture variability across four African savannas was analyzed
using a hierarchy of water balance models (Eqs. 8, 9, 10). The jumps in measured soil
moisture largely match in timing jumps in modeled soil moisture at all sites (Fig. 8).
The measured precipitation was reduced by the constant γ that represents intercep-
tion, re-evaporation and any spatial mismatch between rainfall and soil moisture. The
relation between cumulative soil moisture increase and cumulative precipitation was
non-linear at the beginning of the wet season at the tree and miombo savanna (Paper
III). At the grazed savanna site, this relation deviated from the assumed linear relation
between November 2013 and November 2014, which resulted in an underestimation of
modeled soil moisture during this period (Fig. 8). The soil moisture decay rates of
models 2 and 3 (with NDVI and NDVI-PET adjustments to Emax) are comparable to
the measured soil moisture decay. Model 1, with constant maximum evapotranspira-
tion, overestimates the soil moisture decay, especially during the transitions from dry
to wet and wet to dry periods. The comparison of spectral exponents of soil moisture
between different models showed that the model 1 with rainfall variability captured a
large part of soil moisture spectral decay and the NDVI (model 2) and PET (model 3)
did not add energy to the seasonal time scales in soil moisture spectrum (Paper III).
However, the NDVI and NDVI-PET adjustments were necessary for correct soil mois-
ture memory (Eq. 13) and estimation of the β parameter for dry period distribution
(Eq. 19, Paper III).
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Figure 8: Time series of normalized soil moisture. The soil moisture values were
rescaled to zero to one range. The dashed line indicates the normalized
value of the water stress point (s∗). The memory timescale of the measured
soil moisture series is indicated for each site. Adopted from Paper III.
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The measured soil moisture memory timescale varied from 17 to 50 days (Fig. 8). The
daily mean rainfall intensity and measured memory timescale were linearly related
across three savannas where ET is comparable to infiltration (ET/infiltration ≈ 1.0)
(Fig. 9). This means that there is a link between rainfall statistics and maximum
ET. When ET/infiltration ≈ 1.0, then the losses are dominated by ET at long time
scales and they equal the mean rainfall intensity adjusted by interception loss (Eq.
2.46, Rodr´ıguez-Iturbe and Porporato (2007)). This relationship was also shown at
the three sites with stochastic Poisson precipitation that includes dry seasons using
the model 2 with NDVI variability on maximum evapotranspiration (Fig. 8, Paper
III). This relationship could be used to explore how precipitation seasonality affects
soil moisture variability without separating the analysis between dry and wet seasons.
The intensity-memory relationship might be different at sites with highly seasonal
precipitation because long dry periods decrease precipitation intensity, and drainage
might become a much more significant contributor to the loss term in the hydrological
balance.
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Figure 9: The relationship between daily mean rainfall intensity, Pα · Pλ, and the soil
moisture memory timescale. The dots indicate measured values for the three
sites with ET/infiltration ≈ 1.0, and the star indicates the measured value
at miombo. The triangles indicate mean values, and error bars indicate ±1
standard deviation from 50 stochastic simulations. Adopted from Paper III.
39
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The distribution of times when soil moisture was below the plant water-stress threshold
revealed that the savannas can either have closer to power-law or exponential decay at
long times. Model 3 was able to distinguish the smaller β values that indicate power-
law scaling and larger β values that indicate exponential decay (Fig. 10). At Kenyan
grass savanna, the timing and length of the dry period between the short and long
rainy seasons are highly variable. Also, during the long rains, there can be significant
in-season dry spells. Further analysis of the structure of precipitation variability in East
Africa and its implications for rainfed farming are important future research topics to
be analyzed in the stochastic ecohydrological framework.
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Adopted from Paper III.
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3.4 Similarity in fog and rainfall intermittency
The connection between precipitation and fog at inland tropical cloud forest and coastal
rangeland in Northern California was analyzed to understand whether fog deposition
has a similar statistical structure as rainfall.
The rainfall and fog deposition spectra showed a power-law decay at subdaily periods
(Fig. 11). The spectra of the on-off time series (TA series, Eq. 14) were similar. The
fog spectrum at the coastal site had a flattening at the high frequency that is likely due
to inadequate sampling. The spectral decay of the TA series showed that similar scaling
is evident in rainfall and fog at both sites (TA exponents from m ≈ 0.76− 0.95), and
this scaling extends from hour to monthly timescales. These TA exponents are close
to the previously reported value of 0.84 derived from five sites with different rainfall
formation patterns (Molini et al., 2009).
The dry period and event size PDF of rainfall and fog deposition show power-law
scaling (Fig. 12). The scaling exponents of the dry period PDFs were 1.33 and 1.41 for
fog and 1.44 and 1.40 for rainfall at the coastal and inland sites, respectively. These
rainfall exponents are similar to the ones reported in Germany (Peters and Christensen,
2006) and on the Mediterranean coast in Spain (Deluca and Corral, 2014).
The switching between on and off states of rainfall and fog was not entirely independent
of the amplitude intermittency due to deviations from the relation in Eq. 18. The
differences between the prediction of TA exponents from Eq. 18 and the measured TA
exponents were -0.61 to -0.84 (Paper IV). This means that the amplitude variations
impact the relation between the TA exponent (m) and the exponent of the dry period
PDF (τd), and the SOC model cannot fully explain all the aspects of the on-off and off-
on switching for fog and rainfall despite the power-laws in statistics evaluated here. In
turbulence studies, this deviation has been attributed to the intermittency corrections,
µI , (m + τd = 3 − µI) but here the intermittency corrections estimated using second-
order gradients were insufficient in all cases (Paper IV).
This analysis showed analogies between rainfall and fog deposition based on the SOC
paradigm. The satellite detection of fog could be combined with the presented analysis
methods to delineate the primary controls of fog frequency over a broad range of
timescales. Satellite fog detection algorithms have been used in California’s Central
Valley and mountainous locations in Taiwan (Baldocchi and Waller, 2014; Schulz et al.,
2016). These kinds of data sets may allow to extend the presented analysis in order to
understand environmental control parameters of fog over a broad range of timescales.
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Figure 11: Normalized spectrum of fog and rainfall time series and their correspond-
ing telegraphic approximation (TA) spectra. The linear fit is up to 1 day,
and the dashed fit line extends to 1 month. The dashed vertical lines show
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Adopted from Paper IV.
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4 Conclusions
This thesis has presented long-term carbon and water balances of a grazed savanna
grassland in South Africa and soil moisture variability across four African savannas.
In addition, the similarities in the on-off switching of rainfall and fog were compared
at inland and coastal sites.
The main conclusions are as follows:
(1) The annual precipitation was highly variable in amount and timing at the grazed
savanna grassland. However, the estimated annual transpiration, which was based on
annually fitted water use efficiency and optimality hypothesis, was nearly constant
during wet years and reduced during drought year with intermittent rainfall. The
reduction in transpiration was due to grass dieback-regrowth and possibly due to other
changes in soil surface properties that enhanced evaporation. The monthly course of
the T/ET ratio varied due to the early green-up of trees and due to grass growth that
is coupled to the precipitation variability.
(2) The annual NEE ranged from –58 (sink) to 198 (source) gC m−2 yr−1 at the grazed
savanna grassland. The interannual variation in NEE and GPP was related to peak
NDVI, and the annual respiration was strongly correlated with early season rainfall
amount. The contribution of deep-rooted trees (Vachellia erioloba) to the carbon
balance was shown by the carbon uptake during anomalous dry season precipitation
and after early green-up of trees in 2011. In 2010, the early season rainfall was frequent
and annual carbon balance was negative, whereas, in 2013, the frequent early rainfall
did not result in high carbon uptake during the subsequent wet season. Separate tree
and grass leaf phenology and water uptake patterns are needed to explain the variance
in NEE in these ecosystems.
(3) The analysis of root-zone mean soil moisture showed that soil moisture variability
is largely explained by rainfall variability. However, the water balance model with
constant maximum evapotranspiration resulted in the overestimation of the soil mois-
ture decay. The NDVI and PET adjustment to ET losses improved the model fit by
accounting for interannual variation in ET. The soil moisture memory timescale, a
rough measure of the time it takes for a soil column to forget the initial soil moisture
state, was linearly related to daily mean precipitation intensity at sites where ET was
comparable to infiltration. This means that there is a link between rainfall statistics
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and maximum ET, even though the memory timescale is primarily controlled by ET
and drainage losses.
(4) The analysis of fog and rainfall series showed that fog intermittency has certain
similarities that have been documented for rainfall in earlier studies. The on-off series
for fog and rainfall exhibited an extensive power-law scaling beyond the timescales of
the spectra of the original series with exponent m ≈ 0.8. These exponent values agree
with previous studies on rainfall time series. The dry period and event size PDF of
rainfall and fog deposition showed a power-law scaling. This allowed to suggest the
analogy with Self-Organized Criticality, which relates the m exponent and dry period
exponent (τd). However, this relation did not hold for rainfall and fog, and the inter-
mittency corrections did not recover this relation. Therefore, the on-off switching was
not entirely independent of the amplitude intermittency in fog and rainfall. Satellite
detection of fog may allow further analysis of these properties of fog over broader spa-
tial and temporal scales, which could be used to characterize the role of fog for cloud
forests.
The analysis of ecosystem-scale fluxes revealed that annual changes in vegetation dy-
namics can affect the carbon and water balance of savannas with significant tree cover.
The dry season activity of trees resulted in higher carbon uptake shown by the early
green-up of trees and increased tree photosynthesis after dry season rainfall event. The
tree green-up was inferred from NDVI, and the annual NDVI was linked to the ecosys-
tem productivity. The analysis of continuous precipitation and soil moisture time series
revealed an interesting emergent relationship between precipitation intensity and soil
moisture memory timescale. These observations suggest that the use of measured rain-
fall intermittency and phenology derived from NDVI could be used as forcing for a
minimalist carbon and water balance model. The model could be used to delineate
the primary mechanisms of legacy effects in carbon and water balance between years,
which may help to interpret further the interannual variation in the ecosystem-scale
fluxes.
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5 Review of papers
Paper I: The main aim of this study was to estimate annual and monthly transpiration
from evapotranspiration measurements at a grazed savanna grassland. The estimated
annual transpiration was nearly constant during wet years but was reduced during a
severe drought year. The developed ET partitioning methodology can be used in a
range of arid and semi-arid ecosystems.
Paper II: This study reported measurements of carbon dioxide exchange from a grazed
savanna grassland ecosystem for three years. The night-time respiration was not depen-
dent on soil moisture or soil temperature on weekly timescales. The annual variation
of carbon balance was related to changes in early wet season and mid-growing season
fluxes.
Paper III: The main aim of this study was to interpret the temporal variability in
the root-zone soil moisture at four African savannas across a rainfall gradient. The
hierarchy of ecohydrological models showed that precipitation variability explains a
large part of the soil moisture variability. However, the comparison of model memory
estimates shows that to model the soil moisture variability correctly, the constant daily
maximum ET has to be adjusted with NDVI and PET. At semi-arid savannas, the mean
precipitation intensity and memory timescale were linearly related.
Paper IV: The main aim of this study was to compare fog and rainfall statistics at an
inland cloud forest and coastal forest. The results showed that the spectral exponents
of the on-off time series of fog and rainfall are similar and correspond to previous
estimates from different rainfall regions. This shows that fog intermittency is similar
to rainfall, which suggests that the stochastic models of rainfall intermittency could
also be used to estimate fog occurrence.
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